The absorbed power characteristics of seated body exposed to whole-body vibration along the individual and combined fore-aft (x), lateral (y) and vertical (z) axes are investigated through measurements of body-seat interactions at the two driving-points formed by the body and the seat-pan, and upper body and the seat backrest. The experiments involved two levels of back support (no back support and vertical backrest) and two levels of broad-band vibration with nearly constant acceleration power spectral density in the 0.5-20 Hz frequency range applied along the individual x-, y-and z-axis (0.25 and 0.4 m/s 2 rms acceleration), and along the three-axis (0.23 and 0.4 m/s 2 rms acceleration along each axis). The biodynamic responses, measured at the seat-pan and the backrest are applied to characterize the total seated body's energy transfer along each axis. Furthermore, an alternative frequency response function method H v is employed to capture the coupling in the seated body responses to uncorrelated multi-axis vibration. The total vibration absorbed power responses to simultaneous x, y and z -axis vibration are subsequently derived as the summation of vibration absorbed power along the individual axis within each one-third frequency band. The mean responses measured at the seat-pan suggest strong effects of the back support, and the direction and magnitude of vibration. The total vibration power absorbed by the seated body is further estimated under a multi-axis vibration environment of four different work vehicles. The results suggest that total average power absorbed under reported vehicular vibration varies with the effective acceleration in a nearly quadratic manner.
INTRODUCTION
Occupational off-road vehicle drivers are exposed to large magnitudes of whole body multi-axis vibration (WBV), which has been strongly associated with discomfort, an array of health disorders and reduced occupational functioning [1, 2] . The biodynamic responses of the seated body exposed to WBV form an essential basis for an understanding of the mechanical-equivalent properties and thereby the body responses to vibration. Such responses have been widely studied in terms of drivingpoint measures such as apparent mass (APMS) or mechanical impedance (MI) [3] [4] [5] [6] . These studies have provided important insights into vibration modes and resonances of the seated body, and the effects of the body supports and intensity of vibration. similar to those under single axis vibration, even though the subjects experienced substantial coupled motions [24] [25] [26] . The lack of the coupling effects in the data was attributed to the use of the H 1 frequency response function estimator based on crossspectral density (CSD) of the response and excitation that suppressed the contribution of cross-axis responses under uncorrelated multi-axis vibration [29] . A recent study has suggested an alternate frequency response function (H v ) method to analyse seated body responses to uncorrelated multi-axis vibration and revealed notable coupling effects of multi-axis vibration in the driving-point and transmissibility responses, particularly in the sagittal plane [27, 28] . The total VPA of the body exposed to multi-axis vibration is thus expected to differ from the reported characteristics under single-axis vibration, which have not been investigated thus far.
This study presents the absorbed power responses of the seated occupants exposed to single and combined fore-aft, lateral and vertical axis whole-body vibration, on the basis of measured APMS responses. The effects of three-axis vibration along with those of the back support and vibration magnitude on the total VPA are presented. Consequently, the total VPA is derived that may be applied for assessing relative exposure risks of different vehicles. The laboratory measured characteristics are subsequently applied to derive total VPA of the seated body exposed to WBV due to four different road and off-road vehicles.
METHOD
An experiment was designed to evaluate the power absorbed by the seated body exposed to single and multi-axis whole-body vibration (WBV). The forces along the three translational axes at the two body-seat interfaces (buttocks-seat pan and the upper body-backrest) were measured when exposed to single as well as three-axis whole-body vibration. The experimental setup used in this study was identical to that used for characterization of apparent mass and reported in [26, 27] . Briefly, a rigid seat and a steering column were installed on a 6-DOF whole-body vibration simulator (IMV Corp.) at the National Institute of Occupational Safety and Health, Japan. Two force plates were used to acquire the forces developed along the x-, yand z-axis, at the two driving-points formed at the seat pan and the backrest: (i) a tri-axial force plate (Kistler 9281C), which also served as the seat pan at a height of 450 mm from the simulator platform; and (ii) a 450 mm high force plate, fabricated using three 3-axis force sensors (Kistler 9317B), served as the backrest. The platform vibration was measured using a three-axis accelerometer (Brüel and Kjaer 4506A) aligned with the translational axes of vibration. The setup with the seat and the measurement systems is schematically illustrated in Fig. 1 .
The experiments were conducted with a total of 9 healthy adult male subjects with average age of 30.4 years (22-55 yrs), body mass of 63.4 kg (57-69 kg) and height of 173.4 cm (162-179 cm). Each subject was asked to sit comfortably with average thigh contact on the seat pan, lower legs oriented vertically and thighs horizontally, while feet supported on the vibrating platform. The height of the feet support was adjusted vertically to provide the desired sitting posture. Each subject was advised to sit upright without a back support (NB) and with lower back against the vertical backrest (B0), while the hands rested on the thighs. The measurements were performed under two levels of broad-band vibration with nearly constant power-spectral-density (PSD) in the 0.5-20 Hz frequency range applied along the individual x-, y-and z-axis (0.25 and 0.4 m/s 2 rms acceleration), and along the three-axis (0.23 and 0.4 m/s 2 rms acceleration along each axis). The lower magnitude three-axis vibration was set to achieve overall rms acceleration of 0.4 m/s 2 (0.23 m/s 2 along each axis), which is comparable to one of the chosen single axis vibration magnitudes. This facilitated the study of the effect of single and three-axis vibration of identical effective magnitudes. Each vibration exposure lasted for 60 seconds and the order of the experiments was randomized, while each measurement was repeated twice. Prior to the test, each subject was given written information about the experiment after which they signed an informed consent form that was previously approved by a Human Research Ethics Committee of Concordia University in Montreal.
Data analysis
The seat pan and backrest forces, and platform acceleration data were acquired in the Pulse LabShop TM (Version 10, Bruel & Kjaer, USA). The analyses were performed using a bandwidth of 100 Hz with a resolution of 0.125 Hz. The VPA characteristics of the seated body were evaluated using two approaches: a direct method and an indirect method. In the direct method, the VPA was obtained from the cross spectrum of the measured force and the velocity [16, 18, 22] , given by:
where S vF is the cross-spectrum of the measured velocity v and force F at a drivingpoint, Re indicates the real part of S vF and P is the VPA. Under single axis vibration, the VPA is attributed to force developed along the axis of applied vibration. Under multi-axis vibration, the force F is the resultant force along a particular axis due to multi-axis excitation, and v is the velocity along the axis of the measured force. In this case P defines the VPA along the axis of the measured force and velocity. Alternatively, the absorbed power response can be obtained indirectly from the apparent mass response [17] , such that: (2) where M * is the complex conjugate of the apparent mass response of the seated body, 'Im' designates the imaginary part and S a is the power spectrum of the acceleration excitation.
The total absorbed power response of the human body can be computed from summation of the VPA over the frequency range of interest. The total VPA is generally evaluated upon summation of the power over third-octave frequency bands, such that:
where P -denotes the average VPA response measured under single-axis vibration, P( f k ) denotes the power in the k th third-octave frequency band with centre frequency f k , and N is the number of frequency bands considered. The average absorbed power under individual axis of vibration is strongly dependent upon the magnitude of vibration. It has been shown that the average power is related to acceleration magnitude in the following manner [15] .
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where β is the exponent of the overall rms acceleration a due to excitation and α is the proportionality constant. It has been shown that the exponent is around 2 and 1.8-2.8 under vertical and horizontal vibration, respectively [17, 19] .
Analyses of absorbed power responses to three-axis vibration
In this study, the indirect approach based on the APMS responses, Eq (2), is applied to derive the VPA responses to single as well as multi-axis vibration. The APMS responses to single-axis vibration also exhibit considerable cross-axis responses, attributed to the biodynamic force developed along an axis other than the axis of vibration excitation [30, 31] . The cross-axis responses under single axis vibration do not contribute to the VPA, since the cross-axis force component and the applied excitation are in the orthogonal directions. Under three-axis vibration, however, the total apparent mass measured along a given axis i also incorporates the cross-axis force components caused by vibration along axis j (i ≠ j) [28] . The resultant force measured along axis i can thus be related to sum of the direct and cross-axis force components, such that:
where ⎯ F ι is the force measured along axis i (i =x, y, z) and F ij describes the direct (i = j) force component due to excitation applied along the same axis alone and cross-axis force component along axis i due to excitation along axis j (i � j). Under three-axis vibration, the VPA measured along each vibration axis is thus expected to differ from that measured under the individual axis vibration. Owing to the uncorrelated nature of the three-axis vibration employed in the study, the APMS responses of the body exposed to three-axis vibration were derived using the H v frequency response function estimator [28] : (6) In the above equation, M i defines the complex APMS response along axis i (i = x, y, z), S aiFi ( f ) is the cross spectrum of total force F i and excitation a i along axis i, and S Fi ( f ) and S ai ( f ) are the auto-spectra of the total force response and acceleration excitation along i under multi-axis vibration. The APMS responses of the seated body were derived from the forces measured at both the seat pan and the backrest (when used). The measured APMS responses were inertia corrected to account for the masses of the force plates used in the seat pan and the backrest using the method described in [3] . In the absence of the backrest, the force measured at the seat pan alone was used to compute the APMS. In case of the back support, the total APMS was derived upon summation of those computed from the forces at the seat pan and the backrest, such that [26] : (7) where M pi and M bi are the complex APMS responses measured at the seat pan and the backrest, respectively, along axis i.
The average power absorbed along each axis is subsequently evaluated from the mean APMS responses obtained for the nine subjects considered in the study for the two excitation levels: (8) where M i * ( f ) is mean of the imaginary components of the APMS measured along axis i. The VPA under exposure to three-axis vibration is subsequently computed in thirdoctave frequency bands by scalar summation of the powers along each individual axis:
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Figure 2, illustrates the procedure used for computing the VPA response of the seated body exposed to thee-axis whole-body vibration, using the biodynamic forces measured at the seat-body interfaces and the acceleration excitation. The VPA of the body is subsequently expressed in the third-octave frequency bands, and the total power absorbed ⎯ P is computed using Eq. (3).
Estimation of power absorbed under vehicular vibration
The VPA and total average power derived from the mean APMS responses can be considered valid under the idealised broad-band vibration employed for characterisation of the APMS. This cannot be directly applied to assess the relative WBV exposure risk in typical vehicles since the VPA is strongly dependent upon the intensity of vibration, as seen in Eq. (4), and nature of vibration (intensity and spectral characteristics) of vehicles differ from the idealised vibration spectrum. The VPA of operators of different vehicles, however, could be estimated from the known vibration spectrum and the seated body APMS, as seen in Eqs. (2) and (8). This could provide the relative WBV exposure risks of different vehicles. Considering that APMS of the seated body varies with the body mass, back support condition and magnitude of vibration excitation [3] [4] [5] [6] , the estimated VPA would be limited to the conditions used to define mean APMS. It has been shown that variations in vibration magnitude cause only slight changes in the frequency corresponding to primary APMS peak, while the effect on APMS magnitude is relatively small [3] [4] [5] [6] . The mean APMS response and the VPA, obtained in this study, would be considered valid for the mean body mass of 63.4 kg and chosen back support condition. The VPA characteristics of the seated body exposed to three-axis vibration spectra of four different vehicles are estimated on the basis of reported vibration spectra. These include the reported vibration spectra of a small size forestry skidder [21] , a load haul dump (mining) vehicle [32] , a large size forestry skidder [33] and a city bus [34] . The rms values of acceleration measured at the seat of these vehicles along the x-, y-and z-axis are presented in Fig 3 in the 0.5 to 20 Hz frequency range. The overall rms accelerations of the reported spectra were obtained as 2.87, 0.95, 1.58 and 1.75 m/s 2 , respectively, for the small skidder, city bus, large forestry skidder and load haul (mining) vehicle.
RESULTS
The absorbed power responses of the seated body to single and three-axis whole body vibration were evaluated for the 9 subjects at each of the third-octave band centre frequency in the 0.5-20 Hz frequency range. The results revealed
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Total power absorbed under Three-axis vibration Figure 2 . Computation of the vibration power absorbed by the seated body under three-axis vibration.
considerable scatter in the VPA, particularly in the vicinity of the primary resonance frequency. Since the VPA is computed from the APMS responses, the inter-subject variability of the VPA data was identical to that obtained for the APMS responses reported in [26] . The maximum coefficient of variations of the VPA for the back supported (B0) and unsupported (NB) conditions and the excitations considered, ranged from 15-30%, in the vicinity of the primary resonant frequency, which are comparable to those reported under single axis vibration [17, 19] . The mean VPA responses were subsequently considered to study the effect of three-axis vibration, the support conditions and the excitation magnitude. support on the fore-aft VPA, while the effect on the lateral and vertical VPA is considerably small. The pairwise comparisons of the data attained for both the back supported conditions suggested significant effect of three-axis vibration on the VPA (p<0.05) in the fore-aft, lateral and vertical axis in the 0.75-2 Hz range (around the fore-aft and lateral mode resonant frequencies). Furthermore, the effect in the fore-aft VPA was significant in the 5-7.5 Hz frequency range, and in the vertical VPA near 7.5 Hz. The VPA responses exhibit peaks in the 1, 1.6 and 3.2 Hz bands under fore-aft and lateral vibration and in the 5-8 Hz bands under vertical vibration, when seated without a back support. The VPA peaks under fore-aft vibration shift to the 6 Hz band, when the back support is used. The results further show that the peak VPA under vertical vibration is considerably lower than those under horizontal vibration, irrespective of the back support and excitation condition.
The mean VPA responses of the seated body along the fore-aft, lateral and vertical axis, and the total VPA responses, when exposed to vibration along the three-axis, are presented in Figure 7 Table 1 . The table summarises the mean total power absorbed by the seated body with and without back support and exposed to different magnitudes of single and three-axis vibration. The mean total power under threeaxis vibration is 0.16 W compared to 0.18 W and 0.13 W under individual axis horizontal (x, y) and vertical vibration, respectively, of 0.4 m/s 2 magnitude. Figure 9 illustrates the total VPA of the occupants seated with and without the back support and exposed to three-axis vibration of effective magnitudes of 0.4 and 0.7 m/s 2 . The total average power under combined three-axis vibration of two different effective magnitudes are summarised in Table 2 . The table also presents the mean power along each axis as percent of the total mean power. The results suggest relatively greater absorbed power along the horizontal axis compared to the vertical axis, irrespective of the back support condition, even though identical magnitudes of vibration were applied along each axis. The total VPA is strongly influenced by the back support condition, as seen in Fig. 10 . Sitting without a back support yields higher peak VPA in the 1 and 1. the overall rms acceleration of excitation. The exponent β value ranged from 1.9 to 2.2 under single axis of vibration. Under three axis vibration, the exponent values were obtained as 2.14 and 2.19 for the NB and B0 back support conditions, respectively, as illustrated in Table 3 .
Relative VPA characteristics under vehicular vibration
The relative VPA characteristics of the seated body exposed to multi-axis vibration of the selected vehicles are estimated using the mean APMS responses corresponding to B0 sitting condition. Figure 11 illustrates the VPA responses for the four selected vehicle vibration spectra. The results suggest higher peak VPA for the load haul dump and lowest for the city bus. This trend is identical to that observed in the vibration spectra of the vehicles in Fig. 3 . The results in Fig. 11 reveal trends that are widely different from the VPA responses to multi-axis broad band vibration (Fig. 9) . All the vehicles, with the exception of the city bus, exhibit highest peak power along the lateral axis near 1 Hz band. This can be attributed to two factors: (i) the forestry skidders and the mining vehicles show greater lateral vibration in the 1 and 1.25 Hz bands (Fig. 3) ; and (ii) the y-axis APMS magnitude dominates in these frequency bands, which are close to the primary resonance frequency of the seated body. The fore-aft APMS magnitude peak, on the other hand, occurs around 4-4.5 Hz, where the vibration magnitudes are very small as seen in Fig. 3 . The resulting VPA along the fore-aft axis is small compared to the lateral axis in the skidder and the load-haul dump mining vehicles. The off-road vehicles spectra, considered in the study, exhibit highest vertical acceleration peaks that occur in 1.25 to 3.15 Hz range, around 2 Hz and around 3.15 Hz bands, respectively, for the small size skidder, large size skidder and the loadhaul-dump mining vehicles. The VPA along the vertical axis, however, is considerably lower than those along the y-axis. This is attributed to the fact that the frequencies corresponding to peak accelerations are considerably lower than the primary vertical mode resonance of the seated body, as observed from the APMS response [5] . The city bus, on the other hand, exhibits peak VPA along the vertical axis, while the peak power (≈ 0.6 W) is substantially lower than those observed for the other vehicles. This is directly related to considerably higher vertical acceleration peaks in the 1.6 and 12.5 Hz bands, attributed to resonance frequencies of the sprung and unsprung masses of the vehicle, as seen in Fig. 3 (b) . The average total absorbed power are further derived and shown in Fig. 12 as a function of the overall effective rms acceleration due to three-axis vibration of the selected vehicles. While there are very few data points, the results suggest that the total average absorbed power is directly related to overall rms acceleration due to vehicle vibration, and follows nearly quadratic relation with exponent β = 2.03 and constant α = 4.7 (R 2 = 0.95). 
Energy Absorption of Seated Body Exposed to Single and Three-axis Whole Body Vibration
JOURNAL OF LOW FREQUENCY NOISE, VIBRATION AND ACTIVE CONTROL 32
DISCUSSIONS
The VPA responses of the seated occupants exposed to single and three-axis vibration revealed very low values in the 0.5 Hz frequency band suggesting rigid system like behaviour of the seated human body, which is consistent with the reported studies [15] [16] [17] [18] [19] . The total VPA values of the seated occupant exposed to single axis fore-aft, lateral and vertical vibration increased with the rms acceleration magnitudes of vibration (Table 3) in a nearly quadratic manner, which is again consistent with the reported studies [15] [16] [17] [18] [19] . The higher VPA values of the occupant seated without back support and exposed to fore-aft or lateral vibration were observed at frequencies below 2 Hz, while that under vertical vibration was observed at frequencies above 5 Hz (Fig. 4) . However, higher VPA values were observed at frequencies above 4 Hz under fore-aft vibration when the back support was used, while those under lateral and vertical vibration remained nearly the same. This suggest that the back support most affects the VPA along the fore-aft axis, since the back support serves as an important constraint to the upper body motion along the fore-aft axis. The effect of the back support on the VPA responses of the seated occupants exposed to single axis fore-aft, lateral and vertical vibration (Fig. 6 ) are consistent with the reported studies [17, 19] . The total VPA values along each axis, however, were not greatly affected by the addition of the backrest (Tables 1 and 2 ) under both single and three-axis vibration. The total power absorbed by the seated body exposed to three-axis vibration is merely the sum of the power absorbed by the seated body under individual single axis vibration. The power along an individual axis, however, is similar to that obtained under single-axis of vibration. This is caused by the relatively small coupling effect of multi-axis vibration, as reported in the APMS responses [27, 28] .
The total average power under simultaneous three-axis vibration of effective magnitude 0.4 m/s 2 revealed relatively higher power absorption along the x-and y-axes, compared to the z-axis, even though identical magnitudes of broad band vibration were applied along each axis. The results revealed that the average absorbed power along the x, y and z-axis are nearly 35, 36 and 29%, respectively, of the total VPA for the NB support. An increase in the effective magnitude of the threeaxis vibration to 0.7 m/s 2 also revealed similar trends. Similar proportions of mean total power were also observed with the back support condition. The results suggest that the mean total power absorbed by the seated body is not greatly affected by the back support condition, even though the use of a back support tends to shift the peak fore-aft power to a considerably higher frequency of nearly 5 Hz. The total VPA was higher for the NB condition compared to the B0 condition up to 3 Hz. An opposite trend, however, was evident at frequencies above 3 Hz (Fig. 10) . The total average power increased nearly quadratically with the overall rms acceleration magnitude of vibration (Table 3) , irrespective of the back support condition.
The VPA properties of the seated body exposed to idealised broad-band vibration along a single axis have been reported in many studies. These cannot be directly used to assess the exposure risk and relative ride ranking of different work vehicles. The nature of vibration (intensity and frequency components) of vehicles are not represented by broad-band vibration and strongly depend on the size and design features of the vehicles, the tasks being performed and the terrain roughness. The vibration power absorption of the vehicle operator thus strongly relies on the type of vehicle and its ride vibration spectra. The VPA responses to typical vehicle vibration spectra show widely different trends compared to those obtained under broad-band vibration (Fig. 11) . The VPA responses of the selected vehicles are substantially higher along the y-axis compared to the other axes, except for the city bus. The higher power along the y-axis is attributable to relatively higher magnitudes of lateral vibration in the vicinity of the lateral mode resonance frequency of the seated body, which lies in the vicinity of 1 Hz [4] . The closeness of the lateral mode resonance of the seated body and the lateral vehicle vibration leads to very large VPA peaks along the lateral axis compared to the other axis. The city bus vibration, on the other hand, exhibits considerably higher magnitudes of vertical vibration around the 1.6 and 12.5 Hz bands related to vertical mode resonance frequencies of the sprung and unsprung masses of the bus [34] . The magnitudes of lateral and fore-aft vibration encountered at the bus seat are relatively very small. The VPA due to bus vibration, therefore, exhibits considerably higher magnitudes along z-axis with peaks near 1, 1.6 and 12.5 Hz bands. The magnitudes of VPA along the x-and y-axis are substantially lower. Furthermore, the vertical VPA in the vicinity of the vertical mode resonance of the seated body (≈5Hz) is very small, since the vibration intensity near 5Hz is very low. The total average power absorbed under reported vehicular vibration is directly related to vibration intensity, expressed in terms of effective rms acceleration. The average power varies with the effective acceleration in a nearly quadratic manner, as observed under broad-band vibration excitation.
The results show that the absorbed power measure integrates both the nature of vehicle vibration and biodynamic response of the seated body. This is similar to the vibration exposure assessment derived upon the application of frequency weighting defined in ISO 2631-1 [9] . However, it has been shown that the W d frequencyweighting defined for fore-aft vibration exposure may not be valid when a back support is used [19] .
The application of the VPA method, however, necessitates a thorough characterisation of the APMS properties of the seated body, which is strongly dependent upon the body mass and the back support [3, 4] . Furthermore, variations in the vibration magnitude yield slight shifts in the frequency corresponding to the magnitude peaks, while the effect on peak APMS magnitude is very small [3, 4] . The effect of vibration excitation magnitude on the APMS responses may thus be considered negligible compared to the body mass and the back support. The body mass effect is most substantial on the APMS magnitude along all the three axis of vibration, while the effect of a backrest is most important on the fore-aft APMS. The VPA and average power responses obtained in this study can thus be considered valid for mean body mass of 63.4 kg, and sitting without a back support and with a vertical back support.
CONCLUSIONS
The results show higher VPA values under single axis vibration along the horizontal axis compared to that along the vertical axis. The total power absorbed by the seated body exposed to three-axis vibration is calculated as the summation of the power absorbed under individual vibration axes. The total VPA of the seated body exposed to WBV applied simultaneously along the three-axes is substantially higher compared to those obtained along the individual vibration axes. The responses show higher VPA with increase in vibration magnitude in the entire frequency range and the total VPA values show nearly quadratic relationship to the rms magnitudes of the excitation. The VPA integrates both the nature of vehicle vibration and biodynamic response of the seated body. The VPA responses can thus be applied to evaluate WBV exposure of different vehicles.
